Abstract: The influence of nonlocal effects has been investigated for the metallic nano chain constructed of Au cylinders straightly arranged in one direction. The chain has two-unique propagation modes, longitudinal and transverse ones, and our investigation for the nonlocal effects has been made especially in terms of those. Obtained results clarify the relationships between the influence of the effects and the arranged cylinders characterized by the smallness and adjacency which deeply affect to also the propagation property of the two modes.
Introduction
Metallic nano-scale objects straightly arranged in one direction, namely metallic nano chains, have attracted great interests in both experimental and numerical studies since those can efficiently transmit the electromagnetic energy into a microscopic region overcoming the diffraction limit of light by relying on the sequentially excited plasmons [1, 2] . Furthermore those chains can adroitly bend the localized electromagnetic energy by combining their two-unique propagation modes: longitudinal and transverse ones deeply dependent on the polarization of incident exciting light source [2, 3] . These attractive characteristics of the chains have a high possibility of realizing nano-scale photonic integrated circuits [2] and ultra-compact bio sensors [4] . All numerical studies focusing on the metallic nano chains, to our best knowledge, have exclusively employed well-known optical response models such as Drude one [3, 4, 5, 6] . Recent experimental works, however, have revealed the inconvenient limitations for those conventional models, it means, indicating importance of nonlocal effects [7] that are mainly based on the quantum mechanical effects leading the spatial dispersibility of metallic objects and are most obvious on the following conditions [8] : (i) Smallness; metallic objects are extremely small, e.g. each diameter is less than 10 nm. (ii) Adjacency; Metallic objects are densely arranged, e.g. their distance is less than 10 nm. Unfortunately the metallic nano chains frequently tend to have such property especially for realizing further localized optical confinement and, as far as we know, still have not been challenged for actually verifying the influence of the nonlocal effects.
In this paper we will investigate the metallic nano chain taking into account the nonlocal effects and clarify the influence in the case of both longitudinal and transverse modes. The key ingredient in the recipe for incorporating the nonlocal effects is to employ recently developed hydrodynamic Drude model which takes into consideration the spatial dispersibility of metallic objects [9] and is used by combining with FDTD (:Finite-Difference Time-Domain) algorithm, namely as an ADE (:Auxiliary Differential Equation)-FDTD scheme [10] . The resultant trends have clarified the relationships between the nonlocal effects and shape of the metallic nano chain characterized by the smallness and adjacency which deeply affect to also the longitudinal and transverse modes.
Formulation
The hydrodynamic Drude model utilizes the following equation of motion for an electron inside the metallic object interacted with the electromagnetic fields [9] :
where v, m e , and e denote the velocity operator, effective mass, and charge of the electron, respectively, while the first two terms in the right side with γ being the collision frequency reflects the contribution from the conventional Drude model with no spatial dispersibility. The nonlocal effects are taken into account for the last term characterized by n, n 0 , and β respectively meaning the electron density, one of the ground state in the metallic object, and the parameter determining the nonlocality. Eq. (1) can be rewritten to the following equation for the polarization current density J inducing into the metallic object [11]:
where ! p indicate the plasma frequency. We can realize the ADE-FDTD simulation incorporating the nonlocal effects by substituting the polarization current density obtained from Eq. (2) at the source term into the following Maxwell's equations for dielectric objects [10] :
where " 0 and 0 are the permittivity and permeability for the vacuum, respectively.
Computational results
The studied model is displayed to Fig. 1 in which the metallic nano chain is constructed by cylinders being infinitely long along the z-axis as also employed in other previous studies [12, 13] , where a and d denote the radius and distance between the cylinders, respectively, and those parameters will be gradually varied in order to adjust the influence of the nonlocal effects in the present study. Our 2D chain model can allow us to carefully investigate with respect to the spatial dispersibility involving even significantly small wavelength of plasmon since we can employ a fine mesh system with quite cheaper computational cost than 3D one. Although the characteristics of the chain are well-known to depend on the number of arranged nano objects, according to the previous study [3] the number-dependent tendency can be roughly converged by using seven or more those. We, therefore, have employed seven nano cylinders from C1 to C7 for constructing the chain and the cylinders are composed of gold whose parameters to characterize the hydrodynamic Drude model γ, ! p , and β are, respectively, set as 0.165 eV, 3.3 eV, and 1:08 Â 10 6 by referring the work of Pendry et al. [14] . The spatiotemporal discretization in the ADE-FDTD to simulate the chain are chosen as Áx ¼ Áy ¼ 0:20 nm and Át ¼ 4:67 Â 10 À4 fs with PML employed as the absorbing boundary condition. For the chain described in the above conditions, we illuminate with a dipole source from the left-hand side of C1 with spacing a, where the source is distributed as a square shape and exclusively excites the near field since its antenna length 2a is much smaller than the wavelength of incident visible light. The polarization direction of this dipole source can determine to excite the propagation modes of the chain: (i) Longitudinal mode: parallel to the propagation direction, namely x-axis here.
(ii) Transverse mode: perpendicular to the propagation direction. We will simulate with respect to these typical two-modes of the chain and will clarify the influence of the nonlocal effects by checking the difference obtained by making a comparison with the conventional Drude model, namely being the case of ¼ 0.
First of all, the nonlocal effect due to the smallness of cylinders is investigated, where we vary the radius a from 5 nm to 25 nm and set the distance d as being equal to a, namely employing homologous chains for the radius a. In order to study with respect to the characteristics of the chain driven by the longitudinal or transverse modes, we calculate the electric field intensity E DH at the observation point between C4 and C5 in the frequency domain by the following definition:
where E t ðtÞ and E i ðtÞ denote the time responses for the obtained electric field at the observation point and the input Gaussian pulse characterized by the amplitude 1 V/m, central angular frequency 4:71 Â 10 15 rad/s, and FWHM 1:10 Â 10 À3 fs, respectively. Furthermore in order to clarify the influence of the nonlocal effects in each mode, the following expression is utilized to evaluate the difference between the hydrodynamic and conventional Drude models:
where E D represents the electric field intensity obtained by the conventional Drude model through the same process for Eq. (5). jE DH j max in Eq. (6) means the maximum value of E DH in each propagation mode for the case of varying radius a or distance d. Fig. 2 (a) and (b) indicate the color distributions of E DH and E , respectively, for the case exciting the longitudinal mode where the horizontal and vertical axes in both figures correspond to the radius a and the wavelength of visible light λ. In Fig. 2(a) displaying E DH we can find some interesting trends relevant to the shift of propagation properties. The peak of the electric field for large a, e.g. 25 nm, can be observed at around ¼ 590 nm while for smaller a not greater than 15 nm such peak shifts to around ¼ 610 nm with somewhat decreasing intensity distributed to the broad waveband compared with the cases being larger a. Furthermore, for all a, the cutoff actions can be done particularly for 550 nm. The influence of the nonlocal effect for this case can be estimated by Fig. 2(b) where the difference E in the absolute value between the hydrodynamic and conventional Drude models increases in the proportion of the smallness of cylinders, reaching into almost 30% as the maximum. These differences are especially pronounced in each peak electric field located from 590 nm to 610 nm and then we have confirmed that the peak wavelengths in the hydrodynamic Drude model slightly shift toward the shorter wavelength compared with the conventional Drude one. Such shifting is one of typical tendencies in the nonlocal effects [9] . On the other hand the color distributions E DH and E obtained from the transverse mode are shown in Fig. 2(c) and (d), respectively. In Fig. 2 (c) displaying E DH driven by the transverse mode, in proportion as the smallness of cylinders, the main peak wavelength clearly and largely shifts toward the longer wavelength compared with one by the longitudinal model and then some other peaks observed for large a result in vanishing or combining to the main peak. Furthermore, contrary to the longitudinal mode, the cutoff actions can be found in ! 550 nm particularly for small a not greater than 10 nm. With respect to the nonlocal effect, we can find the influence from around 450 nm to 550 nm by checking Fig. 2(d) where the maximum of j E j reaches to almost 30% and, here also, the peak wavelengths in the hydrodynamic Drude model has been confirmed to slightly shift toward the shorter wavelength.
Next the nonlocal effect due to the adjacency of cylinders is investigated, where we vary the distance d from 5 nm to 25 nm and keep the radius a by 25 nm in order to separate the previous nonlocal effect due to the smallness of metallic objects. As has been done in Fig. 2(a) and (b) , the color distributions for E DH and E in the case of the longitudinal mode are represented in Fig. 3(a) and (b) , respectively, where the horizontal axes are replaced to the distance d instead of previously used the radius a for the cylinders. Firstly, Fig. 3(a) from the distance d ¼ 10 nm to 25 nm shows us that the peak electric field manifest itself in shifting to the longer wavelength. From the distance d ¼ 5 nm to 10 nm, however, the peak rapidly separates to three those with some enhancements. In addition to those trends we can notice that, also here, the cutoff band is made for 550 nm as with Fig. 2(a) treating the nonlocal effect due to the smallness of objects in the longitudinal mode. In Fig. 3(b) representing E for this case, the difference between the hydrodynamic and conventional Drude model can be observed particularly upper than ¼ 550 nm where the longitudinal mode mainly can be excited. The maximum of the difference is almost AE30% when the distance d ¼ 5 nm. We have confirmed that the peak for the hydrodynamic Drude model is shifted to the shorter wavelength in comparison with the conventional Drude model. In addition to the longitudinal mode, the transverse one varying for the distance d has also been investigated, and the color distributions for E DH and E are shown in Fig. 3(c) and (d), respectively. Resultant E DH shown in Fig. 3 represents that the peak shifts toward the shorter wavelength with some enhancements in proportion as the distance d becomes shorter. Furthermore, as with Fig. 2(c) , we can find that the cutoff band is made for ! 550 nm. Fig. 3(d) reflecting the influence of the nonlocal effect due to the adjacency of cylinders shows that the difference j E j manifest itself in quite large one, as the maximum is almost 30%, for small d, where the weaker peak found in 450 nm 500 nm particularly involves the nonlocal effect. Finally we have compared the peak wavelengths obtained by the hydrodynamic and conventional Drude models, confirming the shift toward the shorter wavelength, also for this case.
To conclude, our investigation made from Figs. 2 to 3 focusing on the nonlocal effect due to the smallness or adjacency of cylinders can be summarized as follows: (i) The maximum nonlocal effect observed in the present study varying the radius a or distance d from 5 nm to 25 nm reaches to almost 30% for both the longitudinal and transverse modes. If more small a or d is employed, the nonlocal effects would further affect to the computational results. (ii) For the nonlocal effects, the longitudinal and transverse modes are especially affected in the longer and shorter wavelength, respectively, where each mode mainly can be excited.
Conclusions
In this paper the metallic nano chain taking into account the nonlocal effects has been investigated particularly in terms of its two-unique propagation modes: Longitudinal and transverse ones which deeply depend on the polarization of incident source. The key ingredient in the recipe for incorporating the nonlocal effect is to employ recently developed hydrodynamic Drude model which takes into consideration the nonlocal effects and is used to support FDTD algorithm, namely as the auxiliary differential equation. Resultant trends from the supported FDTD simulation have clarified the following features for the chain incorporating the nonlocal effects: (i) The maximum nonlocal effect observed in the present study varying the radius or distance of the arranged nano cylinders from 5 nm to 25 nm reaches to almost AE30% for both the longitudinal and transverse modes. If more small those are employed, the nonlocal effects would further affect to the computational results. (ii) For the nonlocal effects the longitudinal and transverse modes are especially affected in the longer and shorter wavelength, respectively, where each mode mainly can be excited.
